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REMARKS 

Review and reconsideration on the merits are requested. 

Claim Objections 

Claims 5 and 6 are amended to depend only from claims 1 or 2, and they no longer 
depend from any other multiple dependent claim. A telephone interview was conducted with the 
Examiner on this point on September 16, 2008, and it was agreed that if claims 5 and 6 were 
amended to depend from claim 1 or 2, the Amendment after final would be entered with respect 
to this point and claims 5 and 6 would be considered. However, the Examiner indicated that they 
would still be rejected on the same grounds as in the last Action regarding obviousness-type 
double patenting, provisional obviousness-type double patenting and obviousness. No other 
issues were discussed during the interview. 

Telephone interviews were conducted with the Examiner on January 14, 2009 regarding 
the limitation in the claims "derived from the organic acid". The Examiner indicated that in the 
Examiner's view this was set forth in claim 1 and in claim 5 and there was no need for this 
limitation. 

Applicants again request that this limitation be permitted since this makes it clear that the 
"amount of carbon" in the present invention is not the same as that in the Dufresne. Phrased 
somewhat differently, in accordance with the present invention the "organic acid" on the catalyst 
support is defined as the carbon amount contained in the organic acid. If the Examiner still is of 
the opinion that this limitation is not proper, the Examiner is requested to nonetheless consider 
the arguments advanced herein. 



4 



AMENDMENT UNDER 37 C.F.R. §1.116 Attorney Docket No.: Q88448 

Application No.: 10/539,400 

Double Patenting 

Claims 1, 3 and 4 were rejected on the ground of nonstatutory obviousness-type double 
patenting over claims 1, 4 and 5 of U.S. 7,361,624 (formerly Application Serial No. 10/344,317). 
A Terminal Disclaimer is filed. 
Withdrawal is requested. 

There is also a provisional rejection of claim 1 on the ground of nonstatutory 
obviousness-type double patenting over claim 1 of copending Application No. 10/594,451. 

Since the rejection is only provisional, Applicants request deferral until either the present 
application or the '451 Application is in condition for allowance. 

The Prior Art 

U.S. 5,397,456 Dai et al (Dai); U.S. 6,559,092 Dufresne et al (Dufresne); "Morphology 
Study of MoS 2 - and WS 2 - Base Hydrotreating Catalysts by High-Resolution Electron 
Microscopy", E. Payen et al (Payen); Applicants' submitted art. Applicants treat the art 
rejections in the order posed. 

The Examiner's position is set forth in the Action and will only be selectively repeated 
here as necessary to an understanding of Applicants' traversal. 

Obviousness Rejection of Claims 1 and 2 Over Dai in View of Dufresne 
Traversal 

Referring to the present Action at page 6, third full paragraph, it appears to be the 

Examiner's view that the present claims would cover or include the deposited (carbonized) 

carbon of Dufresne. Applicants suspect that this particular conclusion is based upon the 

disclosure in Dufresne at col. 2, lines 16-37, where Dufresne teaches a heat-treating step 

conducted in nitrogen or in another inert gas at a temperature of 150° to 650°C or is conducted in 

air at a temperature of 50° to 400°C, which would overlap with the drying temperature of "200°C 
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or lower" in claim 1 (and in claim 5 herein). Secondly, at pages 33 and 34 of the present 

specification dealing with the process for producing a catalyst in accordance with the present 

specification, disclosure occurs to the effect that it is important that the organic acid should be 

added in such an amount that carbon remains in the amount (content) as mentioned above in the 

resulting catalyst (see page 32) and in the sentences illustrating the additional amount of the 

organic acid and, in the discussion of phosphoric acid, there is disclosure to the effect that when 

the compound of a Group 6 metal or the compound of a Group 8 metal does not sufficiently 

dissolve in the impregnating solution, there are cases where carbon derived from the organic acid 

remains in the catalyst obtained. 

Applicants respectfully submit that it is improper to conclude that an organic acid is 

carbonized during the production process of the present invention. Specifically, Applicants 

submit that no organic acid is carbonized in the process of the present invention based on the 

disclosure at page 36, last full paragraph, first four lines, namely: 

"When the drying is conducted at a temperature of 200°C or lower, the organic 
acid, which is thought to be in the form of a complex with a metal, is not released 
from the catalyst surface." (Bolding added). 

Thus, Applicants respectfully submit that the catalyst of the present invention mandates 
that a Group 6 metal, a Group 8 metal, phosphorous and an organic acid are supported on a 
support, and the support of the amount of the organic acid is simply defined in terms of the 
carbon amount contained in the organic acid and that this does not suggest or mandate that 
the amount of the carbon is produced by carbonization of an organic acid. 

Further, Applicants again respectfully submit that in Dufresne, there is no disclosure of a 
"molar ratio (from 0.2 to 1.2) of organic acid/Group 8 metal" and, given the importance of this 
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limitation, there is no disclosure in Dufresne of a catalyst which would have the high 

desulfurizing effect as obtained in accordance with the present invention. 

Further, the present specification contains the following disclosure: 

"It is important that the organic acid should be added in such an amount that 
carbon remains in the content as mentioned above in the resulting catalyst." 
(Page 32, third full paragraph); 

"When an organic acid is used, there are cases where carbon derived from the 
organic acid remains in the catalyst obtained. It is therefore important to regulate 
the carbon content in the catalyst to within the range shown above." 

It is true that "carbon" is referred to in the above quotations from the present 

specification. 

However, a careful review of the present specification shows that carbonization of the 
organic acid is not contemplated. 

Since the obviousness rejection must rely upon the teaching of Dufresne, Applicants 
respectfully submit that they have avoided the rejection over Dai in view of Dufresne and request 
withdrawal. 

Obviousness Rejection of Claims 3 and 4 Over Dai in View 
of Dufresne Further in View of Payen 

Traversal 

Turning immediately to Payen, Payen does mention the numbers and the length of layers 
of MoS 2 of a catalyst containing a Group 6 metal, a Group 8 metal and phosphorous on an 
aluminum support. However, Applicants respectfully submit that since the method for preparing 
the catalyst is so different between Payen and the present invention and both Dai and Dufresne, 
there is no logical reason or motivation to combine Payen with Dai and Dufresne. 

The Examiner, however, apparently is of the view that the difference in the method for 
preparing the catalyst is not important on the issue of motivation, i.e., it seems to be the 
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Examiner's position that catalytic activity will become high provided that MoS 2 has the 
properties disclosed in Payen. 

However, this overlooks the fact that since Payen involves a calcination step in the 
preparation process of Payen, a part of the Group 8 metal in Payen would be incorporated into 
the alumina lattice which is a support in Payen and is inactivated. 

Further, when a calcination step is included in the Payen preparation process, the Group 8 
metal which it potentially could complex is degraded to give a Group 8 metal oxide and, even 
after molybdenum disulfide is formed in a preliminary sulfurization step which is a major 
characteristic of the present invention, a Co (Ni)-MoS phase which is an active catalytic site 
cannot be effectively formed. The reason for this is that oxides of a Group 8 metal have a 
quicker sulfurization speed than molybdenum. 

Since no organic acid is present in the Payen catalyst, a CoMo-S phase cannot be 
effectively formed as explained above, Payen cannot result in a highly effective catalyst. 

In fact, although Catalysts A, B, D and G in the Comparative Examples of the present 
specification are within the scope of Payen in terms of average layered numbers of MoS and 
average length of M0S2 in a planar direction, their activity is low. Applicants respectfully 
submit that this supports their position regarding Payen. 

Further supporting their position, Applicants submit herewith Mossbauer Emission 
Studies of Calcined Co-Mo/ A 2 0 3 Catalysts: Catalytic Significance of Co Precursors, Wivel et al, 
Journal of Catalysis 87, 497-513 (1984). The Examiner's attention is directed to the "blocked" 
material at pages 509-512. 

In applicants view, the most relevant disclosure in Wivel, et al. is as follows: 
1) Page 512, CONCLUSIONS, line 6 to the last line: 
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Typical calcined Co-Mo/ AI 2 0 3 catalysts have a major fraction of the Co atoms present in 
octahedral-like coordination (Co oct ) the alumina surface. However, Co may also be found in 
tetrahedral sites inside the alumina (Co may be incorporated into the alumina by 
calcination). Co oct transforms into Co-Mo-S (catalytically active site), but the other Co was 
found not to be precursors for the active site. 

In addition, the following "2) to 5)" Applicants' position. 

2) Page 509, right column, lines 1 to 18: 

Cotet atoms are increased after calcination at high temperatures. 

3) Page 510, right column, line 17 from bottom to line 4 from bottom: 
Only Cooct seems to be a precursor to Co-Mo-S. 



4) Page 51 1, left column, lines 10 to 18: 

Cotet is not affected by the sulfiding treatment used presently (Co tet does not exhibit 
desulfurization activity). 

5) Page 511, left column, last line to right column, line 19: 

The increase in the desulfurization activity is proportional to the amount of Co oc t- 
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The nature of Co in calcined Ca-Mo/AliOj catalysts and the changes that occur upon sulfiding 
have been investigated by Mossbauer emission spectroscopy (MES). The studies of Co-Mo/Al 2 Oj 
catalysts show that changes in the Co loading, calcination temperature, and impregnation proce- 
dure significantly alter the Co phase distribution. In catalysts with low Co loading, two different 
types of Co species are generally present: one is identified as tetrahedrally coordinated Co (Co tcl ) 
and another is ascribed to cobalt atoms located in ociahedral-Iike coordination (Co K d. The Co«, 
species, which seem to be located at or close to the surface of the alumina, dominate at low 
calcination temperatures, whereas calcination at high temperatures favors formation of the Coi C i 
species which appear to be predominantly located in the interior of the alumina. The Co«i species 
have MES parameters different from those of CoAlj0 4 . Catalysts with high Co loadings also contain 
Co}0 4 , The concentrations of the different Co species in the various calcined Co-Mo/AljOj catalysts 
have been compared with the corresponding data for the same catalysts after sulfiding. It is found 
that the fraction of Co which is present in the alumina after sulfiding is related to the amount of 
Co, ct , the amount of Co,S, is related to Co 3 0<, and Co in the catalytically active Co-Mo-S phase is 
related to Co«t. As a consequence of the latter, the thiophene hydrodcsulfurfcsation activity is 
related to the amount of Co«, in the calcined catalysts. 



INTRODUCTION 

Many different locations have been pro- 
posed for the Co promoter atoms in 
calcined Co-Mo/Al 2 Q 3 hydrodesulfuriza- 
tion (HDS) catalysts {1-6), These include 
interaction with the alumina support, aggre- 
gation as a separate oxide phase (CoO or 
C03O4), and interaction with Mo to form 
C0M0O4 or a specific Co-Mo surface spe- 
cies. 

MiSssbauer emission spectroscopy 
(MES) has been successfully applied for 
studies of the catalysts (6-77), including es- 
pecially the relevant sulfided state. Coexis- 
tence of three phases has been demon- 
strated, namely, Co inside the alumina 



1 Present address: Dansk Boreselskab A/S, DK- 
1263 Copenhagen, Denmark. 
3 To whom correspondence should be addressed. 



structure (Co : AlzOj), Co in a Co ? Sg phase, 
and Co in a highly dispersed "Co-Mo-S" 
phase. Co-Mo-S was found to be the most 
catalytically important phase, since HDS 
promotion is directly relatable to its Co 
content (6", 11, 13-17). 

The activity of sulfided Co-Mo/AI 2 0 3 
may be related to properties of the calcined 
(oxidic) state (3, 6, 11, 17-22), although 
there is little agreement on the reasons for 
this. The proposal of the Co-Mo-S phase 
appears to have rationalized this. In fact, it 
was found that NO adsorption, diffuse re- 
flectance spectroscopy (DRS), and mag- 
netic susceptibility results on the calcined 
state relate to the amount of Co present as 
Co-Mo-S after sulfiding (17, 22), 

In order to obtain further insight into the 
state of Co in calcined catalysts, we have 
performed detailed MES studies of differ- 
ent calcined Co-Mo/AlzOs catalysts. 
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A. Sample Preparation 

The C0-M0/AI2O3 catalysts were pre- 
pared by coimprcgnatian (C0-M0/AI2O3 
(coimp)) and by sequential Impregnation 
procedures to which either molybdenum or 
cobalt was added first. The Co-Mo/Al 2 0 3 
(coimp) catalysts were prepared by impreg- 
nating 7-AI2O3 (230 m 2 /g) with an ammonia- 
cal solution of cobalt nitrate and ammo- 
nium heptamolybdate. The impregnated 
samples were dried in air at room tempera- 
ture and afterwards calcined in air for 24 hr 
at 775 K. 

The Co-Mo/Al 2 0 3 ..(Co first) catalyst 
was prepared by first impregnating the alu- 
mina with cobalt nitrate (using the pore fill- 
ing method) followed by drying at room 
temperature and calcining at 775 K for 2 hr. 
This C0/AI2O3 catalyst was then impreg- 
nated with a solution of ammonium hepta- 
molybdate giving a catalyst with a Co/Mo 
atomic ratio of 0.8 (5.2 wt% Co and 10.6 
wt% Mo). After drying, the catalyst was 
calcined at 775 K for 2 hr. Numbers in the 
catalyst notation give the weight percent of 
the metals. For example, Col-Mo6/Al 2 0 3 
signifies that the catalyst contains 1 wt% Co 
and 6 wt9& Mo. 

The preparation of the Co-Mo/Al 2 0 3 (Mo 
first) catalysts has been reported in detail 
earlier {13). A Mo/AljO, (8.6% Mo) catalyst 
was prepared by impregnating i7-Al 2 0 3 (250 
m 2 /g) with an ammoniacal solution of am- 
monium heptamolybdate followed by dry- 
ing and by calcining in air at 775 K for 2 hr, 
The amount of Mo in this catalyst corre- 
sponds to less than a monolayer coverage. 
The Co-Mo/Al 2 0 3 catalysts were then pre- 
pared by impregnating (using the pore fill- 
ing method) the above Mo/AI 2 0 3 catalysts 
with aqueous solutions of cobalt nitrate. 
After drying, the C0-M0/AI2O3 catalysts 
were calcined in air at 775 K for 2 hr. Cata- 
lysts containing only Co (C0/AI2O3) were 
prepared in a similar fashion. 

The model compounds, CoO, Co 3 04, 
CdA1 2 Cm, and C0M0O4, were all laboratory 



synthesized. CoO was prepared by heating 
cobalt nitrate in a flow of air to 1225 K. 
After 12 hr at this temperature, the sample 
was slowly cooled to room temperature in a 
flow of Nz- XRD measurements showed 
welJ-crystallized CoO with no other phases 
present. C03O4 was prepared from the 
above CoO sample by heating it in air to 925 
K for 72 hr followed by slow cooling to 
room temperature. X-Ray diffraction 
(XRD) measurements showed well-crystal- 
lized Co 3 0 4 with minor amounts (<5%) of 
CoO. The preparation of CoAl 2 0 4 was car- 
ried out by adding stoichiometric amounts 
of cobalt nitrate and aluminum nitrate to a 
citric acid solution and evaporating to dry- 
ness at 310 K. The residue Was then 
calcined in air at 820 K for 12 hr. Only well- 
crystallized C0AI2O4 could be detected by 
XRD measurements. a-CoMo0 4 was pre- 
pared by coprecipitation from boiling solu- 
tions of stoichiometric mixtures of cobalt 
nitrate and sodium molybdate. After thor- 
ough washing, the precipitate was calcined 
in air at 775 K. The identity of the com- 
pound was verified by its XRD pattern. In 
order to study the above samples by MES, 
radioacu've 57 Co was added to the cobalt 
nitrate solutions used in the preparations. 

B. Mossbauer Spectroscopy 
Measurements 

In the present MES studies the catalysts 
and the model compounds were used as sta- 
tionary sources and spectra were collected 
using a constant acceleration spectrometer 
with a moving single line absorber of 
K 4 [Fe(CN) 6 ] ■ 3H 2 0 enriched in S7 Fe {12). 
Zero velocity is defined as the centroid of a 
spectrum obtained at room temperature 
with a source of ^Co in metallic iron. Posi- 
tive velocity corresponds to the absorber 
moving away from the source. 

RESULTS 

Before presenting the MES results, it 
may be useful to mention that the MES 
technique provides information about the 
Co-containing- phases, i.e., wc study the 
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TABLE) 
Spectroscopy Parameters of Model 



Temp. 
(K) 



Fe** componcnt(s) 



Fe** components) 







(mm s v 


(mm s" 1 ) 


[mm s" 1 ; 


(mm s"') 


CoO 


570 


0.22 ± 0.02 


q 


0,90 — 0.02 


Q 




300 


0.3? ± 0.02 


0 


l!07 * 0.02 


0 


CoA 


570 


0.14 £ 0.05 


0.53 4 0.05 










0.08 ± 0.05 


0 








300 


0.35 + O.03 


0.56 ± 0.03 










0,28 ± 0.03 


0 








80 


0.43 ± 0.02 


0.54 ± 0.02 










0.37 s; 0.02 


0 






CoAlA" 


570 


0.11 ± 0,05 


0.65 ± 0.05 


0.61 a: 0.09 


0.82 ± 0.09 




300 


0.23 ± 0.05 


0.61 ± 0.05 


0.97 * 0.09 


1.14 s 0.08 




80 


0.23 * 0.05 


0.69 £ 0.05 


1.21 ± 0.09 


2.35 + 0.09 


CoMoO, 


300 


0.43 ± 0.04 


0.49 ± 0.04 


1.06 ± 0.03 


1.33 £ 0,03 










1.12 ± 0.07 


2.59 ± 0.07 




80 


0.45 ± 0.04 


0.56 ± 0.04 


1.20 ± 0.02 


1.71 ± 0.02 










1,26 ± 0,06 


2.70 * 0.06 



' The spectra have been fitted using only one Fe 3+ doublet and one Fe* T doublet although the spectra clearly 
show that a distribution in Mossbauer parameters exists. The values given are therefore only approximate. 



"Fe atoms produced by the decay of the 
"Co atoms. The decay may give rise to so- 
called chemical after-effects, i.e., formation 
• of unstable valence and spin states of the 




-4 -2 0 

Velocity (mm/sj 

Fie. 1. Mflssbaucr emission spectra of CoO; (a) 575 
K, (b) 300 K, (c) 80 K. 



daughter atoms. These effects in some in- 
stances give rise to an undesirable complica- 
tion in the interpretation of spectra ob- 
tained for Co-Mo/Al 2 0 3 catalysts (10). 
However, the after-effects are found to be 
very sensitive to the local structure and 
may therefore be used for identifying small 
changes in the cobalt-containing phase. 

A. Cobalt Model Compounds and 
C0/AI2O3 Catalysts 

a, CoO. The MES spectra of CoO re- 
corded at 575, 300, and 80 K are shown in 
Fig. 1. The Mossbauer parameters (Table 
1) agree with those reported previously 
(23, 24), Above the N6el temperature (291 
K), the spectra contain a Fe z+ and a Fe 3+ 
single line component. At high tempera- 
tures the Fe 3+ component dominates. As 
expected, the values of the isomer shifts for 
both components are typical of octahe- 
drally coordinated ions since CoO has a 
NaCl structure above the transition tem- 
perature. The spectrum recorded at 80 K 
shows that both the ferrous and the ferric 
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Velocrty (mm/a) 

Fig. 2. MES spectra of CojO«: (a) 575 K, (W 300 K, 
[c) 80 K. 



components in CoO become magnetically 
split below the N6el temperature. 

b. C0iO 4 . Figure 2 shows MES spectra of 
C03O4 recorded at 575, 300, and 80 K. The 
spectra are in accordance with those ob- 
tained by Spencer and Schroeer (25) and 
can be interpreted in terms of a quadrupole 
doublet and a single line. Table 1 gives the 
Mossbauer parameters at room tempera- 
ture as well as at 575 and 80 K, C03O4 has a 
normal spinel structure in which the sym- 
metry of the tetrahedral sites is cubic, 
whereas this is not the case for the octahe- 
dral sites. Thus, the doublet originates from 
the octahedral ions, whereas the single line 
is due to the tetrahedral ions. The values of 
the isomer shifts and the area ratio of the 
two components corroborate this assign- 
ment. The results also show that in this 
compound both the tetrahedral Co 2+ and 
the octahedral Co 3+ ions decay to trivalent 
iron ions. 

c. C0AI2O4. MES spectra of CoAl z 0 4 re- 
corded at 575, 300, and 80 K are shown in 
Fig. 3. These spectra all show the presence 
of two quadrupole doublets, one arising 
from Fe 3+ and the other from Fe 2+ . The iso- 



mer shifts of both components arc rela- 
tively low (Table 1) being typical of tetrahe- 
drally coordinated ions. This is in 
accordance with the structure of CoA1 2 Cm 
in which the Co ions predominantly occupy 
tetrahedral sites. It is seen that both Fe 2+ 
and Fe 3 " 1 " ions are produced by the decay of 
the Co z+ ions. This behavior is similar to 
that observed for CoO and has also been 
found for other cobalt-containing spinels 
.(25). The lines due to the Fe 2+ ions are 
broad and asymmetric indicating that a dis- 
tribution of local surroundings exists. This 
is probably related to the fact that C0AI2O4 
is not a completely normal spinel, i.e., the 
structure has a small fraction of Co 2+ ions 
in octahedral environments (see, e.g., Ref. 
(26)). 

d. CoMoO*. MES spectra of the low-tem- 
perature form (the so-called a-form) of 
C0M0O4 have previously been discussed 
by Clausen et al. (27). Spectra recorded at 
300 and 80 K are shown in Fig. 4. The room 
temperature spectrum can be analyzed in 
terms of one Fc 5+ quadrupole doublet and 
two Fe z+ quadrupole doublets with the 
Mossbauer parameters listed in Table 1. 




Fig. 3, MES spectra of CoAlA: (a) 575 K, (b) 300 
K, (0) 80 K. 
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501 



Velocity (mm/s) 

Fig. 4. MES spectra of a-CoMoO<: (a) 300 K, (b) 
80 K. 

Thus, Fe 3+ , as well as Fe 2+ , are present af- 
ter the decay of Co 2+ . As in CoO, the Fe 3 */ 
Fc 2+ ratio decreases as the temperature is 



lowered. The presence of two Fe 2+ quadru- 
pole doublets is in accordance with the 
crystal structure of C0M0O4 in which the 
Co atoms occupy two crystallographically 
different sites (28). The relatively high val- 
ues of the isomer shifts are also in accor- 
.dance with the fact that both Co sites in 
C0M0O4 have (distorted) octahedral sym- 
metry. 

e. Co/A/ z 0 3 catalysts. Figure 5 shows the 
MES spectra of the Co Q.25/Al 2 0 3l Co 1/ 
AljOj, and Co 5/Al 2 0 3 catalysts in the 
calcined and sulfided states. The spectra of 
the two catalysts with the lowest Co load- 
ings have quite broad lines. This indicates 
that the Co atoms in these samples are not 
present in a well-defined phase but rather in 
slightly different sites presumably in the 
alumina. The spectrum of the Co 0.25/AI 2 O 3 
catalyst is dominated by a ferrous doublet 
with an isomer shift, S = 1.09 ± 0.05 mm/s, 
and a quadrupole splitting, AE Q = 2.13 ± 



C0.25/AJ2C-3 \ 

< 

Co1/Al 2 0 3 j»/ 

V 


"• 

• 


CoS/MjjOg \ .". 





Velocity (mm/s) 

Fig. 5. Roon>temperature MES spectra of Co/A!,0, catalysts In the calcined state and in the 
sulfided state. 
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I' 2 3 4 5 

Co Concentration {%) 

FJO. 6. Absolute amounts of cobalt in Co:Al 2 Oj and 
Co A as a function of the content of Co in the calcined 
Co/AljOj catalysts, 

0.05 mm/s. A ferric component is also 
present with the parameters 8 = 0.39 ± 0.10 
mm/s and AE Q - 0.80 ± 0.10 mm/s. The 
isomer shifts are typical of octahedral coor- 
dination. For the catalyst with the highest 
loading, the MSssbauer lines are narrow in 
both the calcined and the sulfided state. 
This indicates that the Co atoms are present 
in well-defined surroundings. For the 
calcined state, two components are present 
with the parameters, 8 = 0.32 ± 0.03 mm/s, 
A£ Q - 0.57 ± 0.03 mm/s and 8 = 0.24 ± 
0.03 mm/s, A£ Q — 0 mm/s. From a compari- 
son of these values with those of Co 3 0 4 (Ta- 
ble 1), it is found that in the calcined state 
Co is present as Co 3 0 4 . XRD measure- 
ments confirmed this assignment. 

Figure 6 shows the concentration of co- 
balt in the two different forms as a function 
of the cobalt loading. It is observed that the 
concentration of Co associated with the 
alumina decreases when Co 3 0 4 is formed 
and in the Co 5/Al 2 Q 3 catalyst it was not 
possible to detect this phase. After sulfida- 
tion of the Co 5/Al 2 0 3 catalyst the M6ss- 
bauer parameters (5 = 0.35 ± 0.03 mm/s, 
AE Q =* 0.26 ± 0.03 mm/s and 8 «■ 0.38 ± 
0.03 mm/s, A£ Q = 0 mm/s) show that Co s S 8 



is the dominant cobalt phase present in the 
catalyst {12,29). Thus, C03O4 is trans- 
formed into CojSg upon sulfiding. 

For the two low-loading catalysts (Co 
0.25/Al 2 O 3 and Co 1/AfcOj) the sulfiding is 
also observed to affect the local surround- 
ings of the Co atoms (Fig. 5). However, the 
lines are still broad and Co 9 S 8 does not 
seem to form in any appreciable amount. 
Also mild oxidation was found to essen- 
tially restore the original spectra (9), 

3. Co-MolAhO-i Catalysts 

a. Catalysts calcined at different temper- 
atures. Previously, Mossbauer spectra of 
catalysts calcined at temperatures between 
625 and 975 K have been presented (17), 
but no detailed analysis of these spectra 
was given. Below a more detailed analysis 
of the spectra, as well as spectra of cata- 
lysts calcined at temperatures up to 1 125 K, 
will be given. Figure 7 shows room temper- 
ature Mossbauer spectra of Co~Mo/Al 2 0 3 
(Mo first) catalysts calcined at different 
temperatures. For comparison, a bar dia- 
gram, which indicates the line positions of 
C0AUO4, is inserted. The spectra of the cat- 
alysts calcined at 625 K (spectrum a) and 
775 K (spectrum b) both show the presence 
of a ferric doublet and ferrous doublet. It is 
observed that the lines of both doublets are 
very broad and the line positions do not coin- 
cide with those of CoAl z 0 4 . The room tem- 
perature spectra of the catalysts calcined at 
1025 K (spectrum c) and 1125 K (spectrum 
d) show that with increasing calcination 
temperatures the spectra of the catalysts 
become more similar to that of CoAl 2 Oo. 
This is easily seen by following, e.g., the 
change in the line position of the right-hand 
peak of the ferrous doublet with calcination 
temperature. Although the room tempera- 
ture spectra (c) and (d) in Fig. 7 closely 
resemble that of CoAl 2 0 4 (Fig. 3b), the tem- 
perature dependence of the spectra, illus- 
trated in Fig. 8, is very different from that 
of CoAl 2 0 4 (Fig. 3). Thus, the local sur- 
roundings of the Co atoms in the catalysts 
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775 K result in a decrease in the isomer 
shift above 775 K (Pig. 9A) and above ca. 
975 K it reaches a value typical of Co in 
tetrahedral coordination. After sulftding, all 
the catalysts have a value of the ferrous 
isomer shift which is essentially identical to 
that observed for the high temperature 
calcined catalysts (i.e., typical of Co in tet- 
rahedral coordination). An analysis of the 
quadrupole splitting (Fig. 9B) shows that 
the ferrous doublet in the sulfided catalysts 
resembles that of the ferrous doublet in the 
catalyst calcined at high temperature (-975 

An increase in the calcination tempera- 
ture from 975 to 1 175 K does not signifi- 
cantly alter the value of the isomer shift, 
whereas the quadrupole splitting decreases 
but the value which is observed for 
CoAl:C"4 is not reached. Thus, although Co 
appears to be predominantly tetrahedrally 
coordinated in catalysts calcined above ca, 
900 K, formation of appreciable amounts 
of the stoichiometric CoAI 2 0 4 phase does 



Velocity {mm/s) 

Fig. 7. Room-temperature MES spectra of Co-Mo/ 
Al 2 0 3 catalysts calcined at different temperatures: (a) 
Tec - 625 K, (W 7.* = 775 K, (c) T„ lc = 1025 K, (dj 
r &ta = 1125 K. The MOssbaucr line positions of 
CcjAliO, are indicated try the inserted bar diagram. 



and in C0AI2O4 are different at least for cal- 
cination temperatures up to 1125 K. 

The spectra of the catalysts calcined at 
different temperatures were computer fitted 
using one ferric and one ferrous doublet. 
Figures 9A and B show the isomer shift and 
the quadrupole splitting as a function of cal- 
cination temperature for the ferrous dou- 
blet. It is seen that the isomer shift has a 
relatively high value when the calcination 
temperature is less than about 775 K indi- 
cating that Co is octahedrally coordinated 
to oxygen. The analysis shows that also 
Fe 3+ in these catalysts is octahedrally coor- 
dinated. Calcination temperatures above 



\ 













Velocity (mm/s) 

Fig. 6. MES spectra of the Co-Mo/AfeOj catalyst 
calcined at 1025 K: spectrum at (a) 625 K, (b) 300 K, 
and (c) 80 K. 
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Fig. 9. Room-temperature Mossbauer parameters of 
the Co-Mo/AliOj catalysts calcined at different tem- 
peratures as a function Of T ctlt . For comparison the 
values for CoAl 2 0 4 are inserted. 



not occur at the calcination temperatures 
applied in this study. 

The relative area of the ferrous doublet 
changes upon sulfiding, the extent depend- 
ing on the prior calcination temperature. 
This is seen from Fig. 9C where the area 
ratio of the ferrous doublet after sulfidation 
to that which existed before sulfiding, A so «/ 
yi B( j c , is plotted against the calcination tem- 
perature. At low calcination temperatures 
almost all of the ferrous components "dis- 
appear 1 ' upon sulfiding, whereas a large fer- 
rous component is still present in the spec- 
tra of the sulfided catalysts calcined at high 
temperatures. Although a detailed interpre- 
tation is complicated, the results (Fig. 9c) 
show that the amount of cobalt which can 
be sulfided decreases with increasing calci- 
nation temperature. The observation that 
Asuif/A,^ is actually above 1 for the catalyst 
calcined at 975 K demonstrates that other 



factors influence the spectral areas, e.g., 
minor differences in the local surroundings 
of the Co atoms may result in small changes 
in the after-effects (i.e., Fe 2+ /Fe 3+ ratio). 

b. Catalysts with different Co/Mo ratios. 
Figure 10 shows spectra of a scries of 
calcined Co-Mo/Al z 0 3 (Mo first) catalysts 
with different cobalt loadings. These cata- 
lysts were all calcined at 775 K. The spectra 
of the two catalysts with Co/Mo ~ 0.09 and 
Co/Mo - 0.27 are quite similar. From the 
results discussed above it is expected that 
both Coat, and Co te[ species will be present 
but with Cooc dominating. This is con- 
firmed by a simple analysis of the spectra in 
terms of only one set of doublets (i.e., one 
Fe 2 "" and one Fe 3+ doublet) since this analy- 
sis gives parameters (Table 2) typical of oc- 
tahedral coordination. Upon increasing the 
Co loading a new spectral component is ob- 
served and for the highest loading catalyst 
this component dominates. A comparison 
of the spectra of the Co/Mo = 1.9 catalyst 
with those of Co 3 04 (Fig. 2) shows that this 
new component is C03O4. 

It is evident that fitting the spectra in 
terms of only one Fe 2+ and one Fe 3+ com- 
ponent is an oversimplification and may 
only provide information about the pre- 
dominant Co species. Since the lines are 
very much broader than the natural line- 
width, one should in fact ideally analyze the 
spectra as consisting of a sum of many com- 
ponents each having lines of natural width- 
However, such an analysis is questionable 
when different components have overlap- 
ping lines and it is also difficult because the 
various deconvolution methods available 
(50-32) make assumptions (e.g., that a cor- 
relation between the isomer shift and the 
quadrupole splitting exists), which apply 
only in special cases. We have therefore 
used a different approach which simply in- 
volves an analysis of the spectra in terms of 
two sets of components, namely, a Fe 24 
and a Fe 3+ component belonging to COoa 
and another set consisting of a Fe 2 " 1 " and a 
Fe 3+ component belonging to Co™. The 
above analysis was carried out using the 
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Fic. ]0. MES spectra of Co-Mo/AIjOj catalysts with different Co/Mo ratios. The spectra were 
obtained at 575, 300, and 80 K. 



TABLE 2 

Mossbaucr Emission Parameters for Different Calcined Co-Mo/AkOj Catalysts 



Temp. 
(K) - 



Fe 1+ eomponomCs) 



Fc 2 * component(j) 



Co 0.5-Mo 8.6/AljOj <Mo first) 


0.O9 


573 


0.16 S 0.09 


0.93 s 0.09 


0.88 ± 


0,05 


1.58 ± 0,05 






300 


D.34 £ 0.05 


0.94 * 0.05 


1.05 * 


0.05 


2.17 * 0.05 






SO 


0.42 ± 0,05 


1J5 S 0.09 


US s 


0.09 


2.60 a: 0.09 


Co M-Mo 8.6/AIjOj (Mo first) 


0.27 


575 


0.13 x 0.09 


1.03 ± 0.09 


0.B3 a: 


0.05 


1.59 ss 0.05 






300 


0,33 * 0.05 


0,96 ± 0.05 


1.06 s 


0.05 


2.12 a: 0.05 






90 


0.40 ± 0.05 


1.10 * 0.09 


1.25 a: 


0,09 


2.57 ± 0.09 


Co 6.3 -Mo S.6/Al 2 Oj (Mo first)" 


1.19 


575 


0,15 a: 0.05 


0.55 ± 0.05 








0.10 * 0.05 


0 












300 


0.32 ± 0,05 


0.56 ± 0.05 














0.23 a: 0.05 


0 












80 


0,43 ± 0.03 


0.55 * 0.03 














0.30 ± 0.05 


0 








Co 5,Z-Md JQ.6 (Co first)" 


0.80 


300 


0,29 ± 0.05 


0.55 as 0.05 














O.20 ± O.05 


0 








Co 1-Mo 6/AijO, (coirap) 


0.27 


300 


0.33 s 0.03 


0.90 a 0.03 














1.13 ± 0.03 


1.90 a: 0.03 









" For these catalysw pnly the values for the CojO, component have been listed. 
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spectra obtained at 80 K since the different 
components are best resolved at the low 
temperature. In the computer fits, the Fe z+ / 
Fe 3 "*" area ratio after decay of Com (as well 
as of COact) was constrained to be the same 
for all the catalysts. The high-loading cata- 
lysts contain, in addition to Co let and Co^ 
as discussed above, also C03O4 and in the 
fits the Mdssbauer parameters of C03O4 
were constrained to those of the model 
compound. Table 3 shows the values ob- 
tained for the Mossbauer parameters of 
Co DCL and Co tEl . It is seen that the values are 
in accordance with the expected coordina- 
tion and also that they do not change signifi- 
cantly from catalyst to catalyst. The indi- 
vidual spectral components as well as the 
total fit obtained from the computer analy- 
sis are shown in Fig. 1 1 for two of the spec- 
tra. 

The absolute amount of Co in the differ- 
ent configurations is shown in Fig. 12. It is 
seen that for catalysts with a Co/Mo ratio 
below ca. 0.9, Co oc t is predominant, 
whereas at higher Co/Mo ratios C03O4 dom- 
inates. For all catalysts Co tst amounts to 
less than about 20% of all the Co. 

c. Sequentially impregnated Co-Mo/ 
Al 2 0 } (Co first) catalysts. A calcined Co/ 
AJ2O3 catalyst (containing 5.2% Co) was 
studied by MES before and after subse- 
quent addition of Mo. No significant differ- 
ence was observed in the MES spectra. 
This shows that addition of molybdenum 
does not significantly influence the Co spe- 
cies (i.e., C03O4) already present in the Co/ 
AI2O3 catalyst. Studies of catalysts pre- 
pared in a similar way by Lo Jacono et al 
(33), Chung and Massoth (34), and Breysse 
et al. (15) also show that Co 3 0 4 formation 
occurs at a much lower Co loading (or Co/ 
Mo ratio) than in the corresponding Co- 
M0/AI2O3 catalysts prepared by impregna- 
tion with Mo first. 

d. Coimpregnated Co-MolAkO-j cata- 
lysts. Mossbauer spectra of C0I-M06/ 
A1 2 C>3 (coimp) and Co4-Mo6/Al 2 03 (coimp) 
have been discussed earlier (7, 9, 12). By 
analyzing these spectra in detail, it is found 
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Velocity {mm/s) 

Fig. 1 1 . Examples showing the computer fits of two 
of the spectra in Fig. 10. The solid lines represent the 
fits of the individual spectral components as well as the 
total fit. The spectra were obtained at 80 K; (a) Co/Mo 
- 0.27, (b) Co/Mo -1.19. 



that in the colmpregnated catalysts, the dis- 
tribution of Co among the different phases 
seems to be quite close to that observed for 
the corresponding Co-Mo/Al 2 0 3 catalysts 
prepared by impregnation with Mo first. 

discussion 
A, Model Compounds 

The spectra shown in Figs. 1-4 demon- 
strate that the model compounds CoO, 
C03O4, CoAl 2 0 4 , and C0M0O4 give rise to 
very different Mossbauer spectra. These 
differences are particularly evident when 
the temperature dependences of the spectral 
parameters (Table 1) and of the chemical 
after-effects are considered. Therefore, 
MES appears to be a very suitable method 



for distinguishing between the different co- 
balt-containing phases which have previ- 
ously been proposed to be present in 
calcined Co-Mo/Al z 03 catalysts. The stud- 
ies of the model compounds also demon- 
strate how the isomer shift gives informa- 
tion about the coordination of the Co 
atoms. For atoms of the same coordination, 
the value of the quadrupole splitting gives 
further details on the symmetry of the envi- 
ronment. For example, both CoO and 
C0M0O4 have octahedrally coordinated Co 
atoms, but very different quadrupole split- 
tings are observed in the spectra. In CoO 
this splitting is zero, reflecting perfect cubic 
symmetry, whereas in C0M0Q4 nonzero 
quadrupole splittings are observed reflect- 
ing distorted octahedral symmetry. 

B. Ca/Al 2 0 3 Catalysts 

In accordance with the results of pre- 
vious work (19, 33-36), the present results 
on the calcined Co/AljOj catalysts with a 
high cobalt loading show formation of 
C03O4. This results in formation of CojSg 
upon sulfiding and in fact, the CosSg ap- 
pears to originate solely from Co 3 04 (see 
below). 

The Mdssbauer parameters of the Co 
0.25/Al 2 O 3 catalysts show that the Co at- 
oms which interact with the alumina sup- 




Fic. 12. Absolute amount of cobalt in the three 
cobalt-containing phases as a function Of the Co/Mo 
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port are predominantly octahedrally coor- 
dinated. Many previous authors (see, e.g., 
Ref. (7)) have proposed that all the cobalt 
in the alumina is tetrahedrally coordinated 
as in CoAl 2 0 4 . This conclusion was based 
mainly on data obtained from DRS, but, as 
pointed out by Ashley and Mitchell (35), 
this technique is not very sensitive to Co in 
octahedral coordination and therefore does 
not exclude that such species are present. 
Tomlinson et al. (36) observed relatively 
high magnetic moments for the Co atoms in 
a 0.34% C0/AI2O3 catalyst, which indicates 
that the majority of the atoms is octahe- 
drally coordinated. Recent ir experiments 
(37) on a Co O.26/AI2O3 catalyst, similar to 
the Co 0.25/Al 2 Oi catalyst studied here, 
also support this interpretation. 

The ir studies (37) also showed that a 
large fraction of the Co atoms was accessi- 
ble for NO adsorption indicating that these 
are located at the surface. The MES results 
are in accordance with this observation 
since the spectra of the Co 0.25/AIaO3 cata- 
lyst (Fig. 5) were significantly affected by 
exposure of the calcined catalyst to the sul- 
fiding mixture (and reexposure of this cata- 
lyst to air at room temperature (9)). The 
sulfiding does not result in formation of any 
significant amounts of CosSg in the low 
loading catalyst. 

Figure 6 shows the amounts of Co in alu- 
mina and in C03O4 in the calcined catalysts 
as a function of Co loading. It is interesting 
that the amount of Co associated with the 
alumina lattice seems to go through a maxi- 
mum and decreases to a very low value at 
high loadings. Magnetic (36), gravimetric 
(34), and NO chemisorption studies (37) 
have also provided results which show a 
similar behavior. It might be expected that 
all the Co would be associated with the sur- 
face of the alumina until "saturation" was 
reached and that upon further increase in 
the Co concentration the excess Co would 
form C03O4. Obviously, this simple picture 
does not explain the results, which rather 
suggest that at high Co concentrations for- 
mation of C03O4 crystals is favored at the 



expense of Co in alumina. More studies are 
necessary before the behavior is fully un- 
derstood. 



C. Co-MolAkOi Catalysts'. Nature of Co 
Phases 

The analysis of the MES spectra of the 
C0-M0/AI2O3 catalysts shows that several 
different cobalt species may be present. 

Cooa- In many previous studies of 
calcined alumina-supported Co-Mo cata- 
lysts it has been suggested that the cobalt 
atoms are tetrahedrally coordinated in the 
alumina lattice (see, e.g., Refs, (I, 2, 4, 
6)), Therefore, it is interesting that the 
present MES results show that in addition 
to such tetrahedrally coordinated cobalt at- 
oms, cobalt may also have octahedral coor- 
dination. In fact, for C0-M0/AI2O3 cata- 
lysts calcined under the quite mild 
conditions (ss850 K), usually employed in 
previous studies, these Co oct atoms are the 
most abundant form of cobalt. 

The present study shows that essentially 
all Co,,,., atoms are affected by the sulfiding 
treatment (see Section D), This result sug- 
gests that the majority of the Co pol is lo- 
cated near the surface. 

A comparison of the Mossbauer parame- 
ters of Copd and the model compounds 
shows that COoct is not due to the presence 
of a separate phase such as CoO, C03O4, or 
C0M0O4. The MES lines of Co on are much 
broader than those of the above compounds 
and the Mossbauer parameters and their 
temperature dependence are also very dif- 
ferent. 

The possibility that the Co oct component, 
is due to the presence of C0M0O4 or other 
well-defined Co-Mo phases (e.g., 
"M04C0" (38) or well-defined Co-Mo "bi- 
layers" (39-42)) is also inconsistent with 
the broad MES lines and the Co and Mo 
EXAFS results (43, 44) of the same cata- 
lysts. Also, the Mo EXAFS study (44) did 
not show any noticeable difference in the 
radial distribution function around the Mo 
atoms in M0/AI2O3 and in C0-M0/AI2O3 
catalysts. Recent infrared studies (22, 37, 
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Comparison of NO Uptake and Amount of Co,*, it 
Calcined Co~Mo/Al 2 0 3 Catalysts 



Catalyst 


Co N o" 


Co*,' 


Co nct 




Qtmolfg cat) 


(^.raol/g cat) 


Co ND 


0.09 


11.8 


8? 


7.5 


0.27 


30.5 


259 


8.5 


0.44 


43.6 


386 


8.9 


1.35 


82.8" 


272 


3.3 



' Number of Co atoms adsorbing NO. The values 
arc calculated from data in RcF. {23) taking into ac- 
count that NO is adsorbed as a dinitrosyl. 

* Values were obtained from Fig. 11. 

c Includes also the NO uptake on the CoA phase 
present in the catalyst (24). 

45) of NO adsorption on Co-Mo/Al 2 03 cat- 
alysts similar to those studied here showed 
that the surface Co atoms adsorbing NO 
interact with Mo atoms. Other investigators 
have also found evidence for Co-Mo inter- 
actions (IS, 46-50). It is seen that the sur- 
face Co atoms, which can adsorb NO, are 
somehow related to Co oet since for all cata- 
lysts the number of cobalt atoms adsorbing 
NO is roughly proportional to the number 
of Co DBt atoms (Table 4). However, the 
number of Co atoms adsorbing NO is a fac- 
tor of about 8 smaller than the total number 
of Coed atoms. This indicates that the co- 
balt species termed Co oct may encompass 
atoms with varying surroundings and that 
only a small fraction is accessible to ad- 
sorption of NO. 

The present Mdssbauer results show that 
Co 0Bt has MES parameters which are quite 
similar to those of the low-loading Co cata- 
lyst not containing Mo. Therefore, it seems 
likely that most of the Co 0ct atoms are lo- 
cated in the alumina below the Mo layer. 
The Mo EXAFS results (44), which show 
that the Mo atoms are not notably affected 
by the presence of Co, are also consistent 
with such a picture. The interpretation is 
also in accordance with recent ion scatter- 
ing spectroscopy (ISS) results (42,51) 
which show that the Co concentration has 
its maximum value just below the surface. 



Co let . While only a few studies have sug- 
gested the presence of octahedrally coordi- 
nated Co, it has been generally .accepted 
that Co may be present in tetrahedral coor- 
dination in the alumina lattice. This conclu- 
sion has been based mainly on DRS studies 
which show a triplet band attributed to 
Co 2+ in tetrahedral coordination (33, 35). 
The present studies show, however, that 
these Gout atoms are only predominant af- 
ter calcination at high temperatures. This 
change in coordination of the Co atoms 
with increasing calcination temperature is 
also reflected by the color of the catalysts, 
which is grayish-blue at low calcination 
temperature, bright blue at intermediate 
calcination temperature, and deep blue at 
high calcination temperature- 



It is noteworthy that the amount of cobalt 
which was not affected by the sulfiding (see 
Fig. 9C) was found to vary with calcination 
temperature in a way which is quite similar 
to the amount of tetrahedrally coordinated 
Co estimated from DRS (17). This result 
confirms that the tetrahedrally coordinated 
Co species identified by DRS is the same as 
the Co iet species identified by MES. 

The MES results, which show that the 
Cotet atoms are not notably affected by sul- 
fiding, and the ir results (37), which show 
that these atoms' are not accessible for NO 
adsorption, indicate that the Coi B , atoms are 
predominantly located in subsurface re- 
gions of the alumina. The increase in calci- 
nation temperature thus seems to result in 
diffusion of Co from octahedral sites close 
to the surface to tetrahedral sites in the in- 
terior of the alumina. 

It has often been assumed that the tetra- 
hedrally coordinated Co is present as 
CoAl 2 0 4 in calcined C0-M0/AI2O3 catalysts 
(see, e.g., Ref. (5)). However, the present 
MES results show that for the catalysts 
calcined at temperatures up to about 1100 
K, the quadrupole splitting for the ferrous 
doublet is significantly larger than that of 
CoAl 2 0 4 (Fig. 9B). This reflects the fact 
that the symmetry around the Co atoms is 
different in the two phases. It may there- 
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Fio. J 3, (A) Absolute amount of cobalt in the Co- 
Mo-S phase in the sulfided state plotted as a function 
of the amount of cobalt as Coo« in the calcined state. 
The dashed line represents a 1 : 1 relation. (B) First- 
order rate parameter vs the amount of cobalt as Co ocl . 



fore be reasonable to regard the CO| Ct spe- 
cies as a solid solution of Co in the defec- 
tive alumina spinel. 

C03O4. In addition to the phases dis- 
cussed above, CO3O4 was found to be 
present in the catalyst with a high Co load- 
ing. The spectral lines of the C03O4 phase 
are narrow and this indicates that it is well 
crystallized. 

XRD studies of the catalyst with Co/Mo 
ratios larger than 1.0 confirmed the pres- 
ence of Coa0 4 . Furthermore, in accordance 
with the results of Chung and Massoth {34), 



the MES results show that catalysts which 
were batchwise impregnated with Co first 
show formation of C03O4 at lower loadings 
than catalysts which were impregnated 
with Mo first. 

The studies of both the C0/AI2O3 and the 
Co-Mo/Al 2 0 3 catalysts show that once the 
C03O4 formation occurs this phase will be 
favored at the expense of the other Co 
phases. As a result, the absolute concentra- 
tion of Co oc t will go through a maximum 
when the Co concentration is increased. 
This behavior seems to be a catalytically 
important feature of C0-M0/AI2O3 cata- 
lysts as it appears to be the origin of the 
variations in the catalytic activity observed 
for the catalysts after sulfiding. This will be 
discussed in more detail below. 

D. Structural Changes upon Sulfiding. 
Catalytic Significance of Calcined 
Precursors 

MES studies allow us to follow how the 
different phases in the calcined catalysts re- 
spond to sulfiding. It is seen that there ex- 
ists a strong "memory" effect. For exam- 
ple, the results for the catalysts calcined at 
different temperatures (Fig. 9) show that 
Cotec is not significantly affected by sulfid- 
ing, whereas most of the Co 0 « species ap- 
pear to be sulfided. 



A comparison of the Co phase distribu-. 
tion of the calcined Co-Mo/AI z 0 3 catalysts 
(Fig. 12) with the phase distribution of the 
same catalysts after sulfiding (Fig. 6 in Ref. 
{13)) shows that there exists a correlation 
between the amount of Co present as Co oe) 
in the calcined state and the amount of Co 
present as Co-Mo-S after sulfiding. The 
plot of the amount of Co in Co-Mo-S as a 
function of the amount of Co 0 «> shown in 
Fig. 13A, indicates that essentially all the 
Co oet is sulfided to Co-Mo-S. In fact, Co ec t 
seems to be the only precursor to Co- 
Mo-S. 



However, it should be noted that this re- 
lationship is probably only valid for alu- 
mina-supported catalysts since other types 
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FiG, 14, Absolute amount of cobalt as Co,S B in the 
sulfided catalysts plotted as a function of the amount 
of cobalt as C03O4 in the calcined state. The dashed 
1 1:1 relation. 



of Co-Mo catalysts (e.g., unsupported (6, 
7, 12, 14, 16), silica-supported (8), and car- 
bon-supported (6\ IS) catalysts) may have 
other types of Co precursors to the Co- 
Mo-S phase. The reason why Co oet is a pre- 
cursor for the formation of Co-Mo-S in 
alumina-supported Co-Mo catalysts is 
probably related to its location close to the 
Mo atoms. 



By comparing the results in Fig. 12 with 
those given in Ref. {13) it is found that the 
amount of Co te t in the calcined catalysts is 
■ very similar to the amount of Co present in 
the alumina after sulfiding. This result 
shows that Co«i is not affected to any sig- 
nificant extent by the sulfiding treatment 
used presently. However, at higher temper- 
atures Co t ,. t may also be sulfided. 



motion of the HDS activity is related to the 
Co atoms in the Co-Mo-S phase {6, 11, 
13-17). From a catalytic point of view, the 
Co OBl species is consequently the most im- 
portant Co phase in calcined C0-M0/AI2Q3 
catalysts since this Co species appears to 
be the only precursor for the Co-Mo-S 
phase. As shown in Fig. 13B the increase in 
the HDS activity is in fact proportional to 
the amount of Co osA present before sulfid- 
ing. (The observation that the line in Fig. 
13B does not pass through the origin simply 
expresses the fact that unpromoted cata- 
lysts also have some catalytic activity.) 
One goal in the preparation of catalysts 
with high HDS activity should therefore be 
to optimize the concentration of Co ot . t and 
to minimize the amount of Co present in 
Other forms. 



It is found that Co 3 C>4 is sulfided, but the 
resulting phase is Co 9 S g and not Co-Mo-S. 
This can be concluded from Fig. 14 which 
shows that the amount of Co in the form of 
Co 9 S 8 after sulfiding is equal to the amount 
of CojCm in the caicined state for all the Co/ 
AI2O3 and Co-Mo/Al z 0 3 catalysts studied 
here. 

I Recent results have shown that the pro-j 



On the basis of the present results it is 
possible to explain why different catalysts 
with the same total Co loading have been 
reported to exhibit quite different catalytic 
activities, and why different investigators 
find the optimum in catalytic activity to oc- 
cur at different Co/Mo ratios. For example, 
catalysts prepared by impregnation with 
Co first in relatively large amounts have 
been observed to have a Jow promotional 
effect of Co {19, 20). This is expected be- 
cause such a preparation favors the forma- 
tion of C03O4 which is sulfided to CogSg and 
not to Co-Mo-S. 

The HDS activity of C0-M0/AI2O3 usu- 
ally goes through a maximum when the Co 
loading (or Co/Mo ratio) is increased. In the 
previous study of the catalysts in the sul- 
fided state {13) it was not possible to estab- 
lish with certainty whether the decrease in 
the activity observed at high Co/Mo ratios 
is associated with a reduction in the amount 
of Co present as Co~Mo-S or due to other 
effects such as, e.g., a covering (poisoning) 
of the Co-Mo-S phase by Co 9 S 8 . However, 
the decrease in the amount of Co oct , which 
seems to occur at high Co/Mo ratios, sug- 
gests that the decline in the activity is due 
to a decrease in the concentration of Co 
atoms present in the form of Co-Mo-S. 
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CONCLUSIONS 



The present experiments demonstrate 
the usefulness of the Mossbauer emission 
technique for providing qualitative as well 
as quantitative information about Co atoms 
in calcined Co-Mo/AkCh catalysts, 



From a structural point of view the 
results show that typical calcined Co-Mo/ 
A1 2 0 3 catalysts have a m<y'or fraction of the 
Co atoms present in octahedral-like coordi- 
nation (Co M t) near the alumina surface. 
This has not been generally accepted in the 
past. However, in accordance with many 
previous investigations the present results 
also show that Co may be found in tetrahe- 
dral sites inside the alumina (in a form dif- 
ferent from Co AI 2 0 4 ) or as a separate C03O4 
phase. 

The presence of the Coa* species is seen 
to have important consequences for the cat- 
alytic activity since it is observed that Co osl 
transforms into the catalytically active Co- 
Mo-S phase upon sulfiding. The other Co 
phases observed in the calcined catalysts 
were found not to be precursors for Co- 
Mo-S, As a result, the observed changes in 
the HDS activity could be related to the 
variations in the abundance of Co oct for all 
the catalysts studied. 
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